Neuronal growth cones navigate over long distances along specific pathways to find their correct targets. The mechanisms and molecules that direct this pathfinding are the topics of this review. Growth cones appear to be guided by at least four different mechanisms: contact attraction, chemoattraction, contact repulsion, and chemorepulsion. Evidence is accumulating that these mechanisms act simultaneously and in a coordinated manner to direct pathfinding and that they are mediated by mechanistically and evolutionarily conserved ligand-receptor systems.
tioning of the nervous system. How can this pattern be generated during embryogenesis with the necessary precision and reliability?
Neuronal connections form during embryonic development when each differentiating neuron sends out an axon, tipped at its leading edge by the growth cone, which migrates through the embryonic environment to its synaptic targets, laying down the extending axon in its wake (Fig. 1) . Observations of developing axonal projections in vivo have revealed that axons extend to the vicinity of their appropriate target regions in a highly stereotyped and directed manner, making very few errors of navigation. They do so apparently by detecting molecular guidance cues presented by cells in the environment (1). Studies in the past two decades have provided a detailed understanding of the cellular interactions between growth cones and their surroundings that direct pathfinding, which we summarize in the first section of this review. Our understanding of the molecular biology of axon guidance is, however, much more fragmentary. Molecules implicated as guidance cues or as receptors for these cues are introduced in the second section. Many of these molecules have only recently been identified, and it seems likely that additional guidance cues and receptors remain to be discovered. Moreover, in most cases the precise guidance functions of candidate ligand-receptor systems in vivo are poorly understood. In the third section we discuss specific guidance decisions in which the roles played by some of these molecules are beginning to be defined. As will become apparent, despite the many gaps in our knowledge the picture that is starting to emerge is that pathfinding is directed by the coordinate action of multiple guidance forces that are mediated by mechanistically and evolutionarily conserved ligand-receptor systems. A considerable body of evidence supports these conclusions (2).
Cellular Interactions That Guide Axons
The appearance that axons give of unerring navigation to their targets is all the more remarkable given the relatively large distances (as much as several centimeters, or more than a thousand times the diameter of the cell body) that many axons must grow to reach their targets. In practice, however, this task is simplified by two features.
First, axon trajectories appear to be broken into short segments, each perhaps a few hundred micrometers long. Individual segments often terminate at specialized cells that form intermediate targets or "choice points" for the axons, presenting guidance information that enables the axons to select and to initiate growth along the next segment of the trajectory. The complex task of reaching a distant target is thus reduced to the simpler task of navigating each individual segment and choice point in turn.
In insects, some intermediate targets are made up of small clusters of "guidepost cells," ablation of which results in misrouting of axons that normally contact them (3). Usually, though, intermediate targets are composed of large groups of functionally specialized cells, like those at the midline of the nervous system (4-6). Growth cones that approach an intermediate target may slow their migration and assume a more complex morphology with more filopodia (that is, sensory protrusions), presumably the better to sample the environment (2). Axon growth, therefore, appears to be characterized by at least two types of cellular behaviors: simple linear growth along "highways," punctuated by more complex decision-making behaviors at intermediate targets (choice points), as axons switch from one highway to another.
A second feature that simplifies the wiring of the nervous system is that this process occurs in a stepwise manner. The first axons that develop navigate through an axon-free environment when the embryo is still relatively small, but most axons face an expanding environment criss crossed by a scaffold of earlier projecting axons. Many later developing axons travel along preexisting axon tracts (or fascicles) for at least some of their trajectory (Fig. 1) , switching from one fascicle to another at specific choice points (7). This "selective fasciculation" strategy simplifies the assembly of large nervous systems like that of humans, in which axons extend to their targets in successive waves over a period of several months. Four guidance forces. The realization that axonal trajectories are made up of shorter segments pushes the question of axon guidance back one step: How do axons navigate each short segment and choice point? Embryological, tissue culture, and genetic experiments indicate that axons respond to the coordinate actions of four types of guidance cues: attractive and repulsive cues, which can be either short-range or longrange (8) (Fig. 1) .
Ramon y Cajal proposed over a century ago that axon guidance might be mediated by long-range chemoattraction, a process akin to the chemotaxis of motile cells, in which target cells secrete diffusible chemoattractant substances that attract axons at a distance (9) (Fig. 1) . In vitro experiments, in which neurons cultured with target cells turn toward these cells, demonstrate the existence of several chemoattractants secreted by intermediate or final targets of axons (10-12). More recently, long-range chemorepulsion was demonstrated with the finding that axons can be repelled in vitro by diffusible factors secreted by tissues that these axons normally grow away from (13, 14) (Fig. 1) .
Axons can also be guided at short-range by contact-mediated mechanisms involving nondiffusible cell surface and extracellular matrix (ECM) molecules. Axon growth requires a physical substrate that is both adhesive and permissive for growth (many adhesive substrates fail to support axon growth) (15) (Fig. 1) . This process of contact attraction has also been implicated in selective fasciculation, in which growth cones confronted with several preexisting axon fascicles select a specific pathway (7) (Fig. 1) . Likewise, the contact repulsion of axons, akin to the contact inhibition of cell migration (16), has been extensively documented (17) . Thus, axon growth can be channeled by a corridor of a permissive substrate bounded by repulsive cues that serve to hem in the axons (18, 19) (Fig. 1) . Local repulsive cues also can serve to block the forward progression of axons (4, 20) . The responses of growth cones to repulsive cues can range from simple deflection to axonal arrest, to more dramatic changes in which the growth cone collapses and retracts (19, 21, 22).
Although we focus here on the guidance of the primary growth cone at the tip of the growing axon, many neuronal connections are made by secondary (collateral) branches of axons, -which form de novo from secondary growth cones sprouted along the axon shaft. Both the initiation and subsequent guidance of secondary growth cones appear to be directed by the same forces that guide primary growth cones (12, 23) .
Much of the current focus of cellular studies of axon guidance is to define the precise complement of forces acting to direct particular guidance decisions. As illustrated below, the guidance of axons over individual segments of their trajectories appears to involve the simultaneous operation of several, and in some cases possibly all four, of these guidance forces. Thus, an individual axon might be "pushed" from behind by a chemorepellent, "pulled" from afar by a chemoattractant, and "hemmed in" by attractive and repulsive local cues. Push, pull, and hem: these forces appear to act together to ensure accurate guidance. However, this well-engineered redundancy complicates experimental analysis of guidance mechanisms because perturbation of any one mechanism often has a limited effect. are not exclusively attrace _ _ _ tive or repulsive, but rather bifunctional, and some families of guidance cues have both diffusible and nondiffusible members. Individual growth cones might be "pushed" from behind by a chemorepellent (red), "pulled" from afar by a chemoattractant (green), and "hemmed in" by attractive (gray) and repulsive (yellow) local cues. Axons can also be guided by cues provided by other axons (selective fasciculation). Push, pull, and hem: these forces act together to ensure accurate guidance.
Ligands and Receptors Implicated in Guidance
to find discrete classes of diffusible and nondiffusible factors, some attractive and others repulsive. Recent advances in identification of guidance cues have, however, blurred these distinctions. The first diffusible attractants to be identified, the netrins, are closely related to the laminins (Fig. 2B) , nondiffusible ECM molecules (24-27). Similarly, the semaphorin family contains both cell-surface and diffusible members (Fig. 2C) implicated as short-and longrange repellents, respectively (28-34). In addition, several guidance molecules are bifunctional-attractive to some axons and repulsive to others. Such responses are presumably dependent on the receptors expressed by the growth cones (14, 35, 36) .
Thus, there appears to be mechanistic conservation among guidance molecules, both short-range and long-range, and attractive and repulsive. In addition, both molecules and mechanisms appear to be ancient. In fact, evolutionary conservation of guidance molecules is so great that insights gained in invertebrates can be immediately relevant to vertebrates, and vice versa (37 Fig. 3) . Some never cross the midline, but most do. Some of those that cross subsequently continue to extend away from the midline, whereas most turn to project longitudinally, growing along or near the midline. Axons that cross the midline once, however, do not cross the midline again, despite navigating in the vicinity of other axons that are crossing. Thus, there may be at least two classes of local guidance cues: cues that allow certain growth cones to cross the midline and cues that prevent growth cones from either ever crossing the midline or from recrossing after their initial passage.
Studies in the chick embryo (88) have implicated two Ig CAMs in enabling axons to cross the midline: axonin-1 and NrCAM (Fig. 2A) . Commissural axons and growth cones express axonin-1, whereas cells that form the midline (floor plate cells) express NrCAM (Fig. 3) 
Complex Decisions: Regulation of Axon Fasciculation
Growth cones often extend along the surface of other axons in axon fascicles and exit these fascicles to initiate the next leg of their trajectory. We have only recently begun to understand the complexity of mechanisms involved in regulating the initiation of fasciculation and defasciculation. Molecules that pull axons together. CAMs, which can mediate cell-cell adhesion in vitro, have been implicated in mediating axon fasciculation in vivo (Fig. 4, A and B 2A) . In culture, vertebrate cortical neurons growing on astrocytes express a receptor for AL-1, whereas the astrocytes express this ligand (58). Cortical axons normally fasciculate in such cultures, but when AL-1 function is blocked, the axons defasciculate, suggesting that AL-1 is a repellent for cortical axons, making the astrocytes a less attractive substrate and thus driving fasciculation. This model is supported by the demonstration that AL-1 has collapseinducing activity for cortical axons (59). These studies imply that the expression of molecules that create an inhibitory environment can push axons together. Thus, fasciculation may be like other types of guidance events in that it appears to be regulated by a balance of attraction and repulsion (Fig. 4A) ; it is tempting to speculate that selective fasciculation is mediated by differentially distributed attractive and repulsive ligands (Fig. 4B) .
Molecules that drive defasciculation. If fasciculation is determined by the balance of attractive and repulsive forces on the axons relative to their surrounding environment, then defasciculation presumably involves a shift in the balance of these forces such that growth on nonaxonal substrates is now favored. In the examples discussed below, the expression of major axonal CAMs is maintained during defasciculation while other factors shift the balance of forces in favor of defasciculation.
Studies in the chick implicate polysialic acid (PSA), a carbohydrate that is covalently attached to the Ig CAM NCAM, as an important regulator of axon defasciculation (101) (Fig. 4C) 
Target Selection
Once at the target, growth cones invade the target region, where they often form a topographic projection pattern before selecting appropriate synaptic partners within the target field (Fig. 5) . Invading the target region. Evidence is mounting that invasion of the target region is regulated by both pathway-and targetderived cues. Target invasion can be regulated by members of the nerve growth factor (NGF) family of neurotrophins. For example, sympathetic innervation of the pineal gland and external ear is controlled by neurotrophin 3 (NT3), a factor made by these targets. In NT3-1-mice, syrnpathetic fibers approach but fail to invade these targets, a defect that can be rescued by the addition of exogenous NT3 (53). Similarly, invasion of other targets requires an increasing gradient of target-derived NGF (52). Evidence also exists for what appears to be the opposite type of mechanism. Retinal axons that project to the tectum in Xenopus travel along a path marked by FGF, which terminates abruptly at the target. When FGF is added exogenously to alter the gradient, axons fail to invade the target and instead skirt it; the same result is obtained when FGF function is blocked by expression of a dominant-negative FGF receptor in the axons (50). This result-that a failure to invade the target can be produced by either increasing or decreasing FGF functionsuggests that the axons must be "primed" for target invasion by the detection of a downward gradient of FGF, although other interpretations are possible. These "upward" and "downward" gradient mechanisms are not mutually exclusive, and it remains to be seen whether such mechanisms operate generally to regulate target invasion.
Generating topographic projections. Topographically organized patterns of neuronal connections, in which neighboring neurons project to neighboring sites in the target, occur throughout the nervous system. The best studied example of the development of topographic projections is in the vertebrate visual system. Neighboring ganglion cells in the retina connect to neighboring target neurons in the optic tectum (or superior colliculus), thus projecting the retina's map of visual space as a topographic map across the tectum (Fig. 5B) . Classic experiments by Sperry and others on the development and regeneration of this projection showed that axons that are experimentally deflected to inappropriate regions of the tectum can nonetheless reorient and home in on their topographically appropriate target region (108). Thus, the establishment of this pattern of projections appears to involve the recognition of positional information on the tectum.
The nature of this positional information has long fascinated neurobiologists. Sperry (109) argued against the idea that each axon has a unique label that is complementary to another unique label on its appropriate target cell, both because of the implausibly large number of labels that would be required and because this model does not provide a mechanism for each axon to find its target, except by wandering aimlessly around the tectum. These considerations led Sperry to propose that positional information might instead be encoded in the form of gradients of signaling molecules along both the anterior-posterior (AP) and dorso-ventral (DV) axes of the target, and that these gradients could be detected by complementary gradients of receptors on the axons. Positional information could thus be specified with a small number of molecules, and all axons could read positional information at every point on the tectum.
How might such gradients work to establish topography (110)? In principle, topographic projections could be directed by just one ligand gradient and one receptor gradient (along each of the AP and DV axes). This mechanism requires, however, that each axon seek out a specific concentration of ligand (a "set point," determined by the level of receptor expression) and migrate down-gradient at higher concentrations and up-gradient at lower concentrations to reach the set point (57). In this set-point model, the ligand acts sometimes as an attractant for the axon and sometimes as a repellent. An alternative class of models makes use of the antagonistic effects of two ligand gradients (along each axis). For example, an axon that is exposed only to an attractant gradient along a particular axis will tend to migrate all the way up the gradient, but if it is simultaneously exposed to a repellent gradient that starts shallow but becomes steep, it will migrate to that point along the axis where the repulsion precisely balances out the attraction. It is a relatively straightforward task to make axons originating from different positions on the retina project to different locations along the axis by making their responses to, for instance, the repellent gradient de-pendent on their position of origin (110). In these "antagonistic gradient" models, unlike set-point models, the ligands can be pure repellents or attractants, thus invoking mechanisms similar to those discussed earlier in the context of other guidance decisions.
With the identification of gradients of repellent ligands for Eph receptors in the chick retinotectal system (Fig. 5B) , the evidence, although very incomplete, has started to favor antagonistic-gradient models over set-point models. In vitro studies first established the existence of a repellent activity for retinal axons in tectal membrane preparations ( 111-1 13) . This activity is present in an increasing anterior-to-posterior gradient in the tectum ( 112), and smooth gradients of the activity can repel the axons in vitro (114) . Surprisingly, the specificity of the activity is not exactly as Fig. 2C) 34, 36, 118) . However, loss-of-function mutations in these genes do not individually result in obvious misrouting phenotypes, suggesting that they function in redundant recognition systems.
Conclusions
Our understanding of growth cone guidance mechanisms has progressed significantly over the past decade (119), and compared to just a few years ago (1), we now know a great deal more about the molecular mediators of axon guidance. At the same time, given the bewildering array of ligand and receptor mechanisms implicated in axon guidance that are being identified at an ever-increasing pace, one might be forgiven for thinking that the identification of so many different types of molecules confuses as much as it illuminates. Have any unifying themes started to emerge?
A first general theme is that axons appear to be guided through the combined operation of four guidance mechanisms (shortand long-range attraction, and short-and long-range repulsion), and that the outcome of any particular guidance decision appears to reflect the balance of attraction and repulsion operating at the decision point. Furthermore, based on in vivo analysis, these mechanisms appear to operate in all types of decisions-linear growth, sharp turns, axon fasciculation and defasciculation, and target invasion and selection. A further unification in our understanding appears to be emerging with the identification of molecules mediating these four guidance mechanisms and the discovery that the four mechanisms are mechanistically related and phylogenetically conserved. In fact, the findings that molecules that function as long-range attractants or repellents (netrins and semaphorins) are structurally related to molecules tlhat function as short-range attractants and repellents (laminins and other semaphorins) suggest that long-range guidance molecules may have evolved from their short-range counterparts. This conclusion is further reinforced by the recent discovery that receptors impli- , the formation of precise patterns of neuronal connections during development appears to involve the sequential operation of two broad sets of mechanisms: those that require electrical activity in neurons (activity-dependent) and those that do not (activity-independent). The events of growth cone guidance and target recognition described here rely on molecular mechanisms that are apparently activity-independent and that result in an intial pattern of projections that is largely accurate, with the exception that at the target some axons can make a set of connections with target cells that is more diffuse than is appropriate. This pattern of connections subsequently becomes more refined and highly tuned under the influence of the precise patterns of electrical activity in the neurons, as discussed in the accompanying review by
